On-state degradation of AlGaN/GaN high electron mobility transistors (HEMTs) was quantified as a function of defect generation and strain evolution using high-resolution transmission electron microscopy. Observation of devices under on-state stress conditions elucidated defect formation mechanisms, which is known to be caused by hot electrons. Geometric phase analysis indicated a $25% decrease of the in-plane tensile strain in the AlGaN barrier after extended bias. Changes in sheet polarization charge density were estimated based on observations of the defect formation and resulting strain relaxation. We propose three regimes of degradation during HEMT device operation, and suggest the presence of a critical point at which defects become stable or permanent. 
I. INTRODUCTION
Nitride semiconductors offer many advantages over silicon-based electronic devices, due to their wide bandgap and high carrier mobility. 1 AlGaN/GaN high electron mobility transistors (HEMTs) are used in applications where high-power and high-frequency devices are needed. 2, 3 Unfortunately, highpower operating conditions can result in unpredictable and catastrophic device degradation. 4, 5 Various techniques have been used to detect and investigate the degradation mechanisms of these devices, including cathodoluminescence spectroscopy, 6 atomic force microscopy, 7, 8 and transmission electron microscopy (TEM). 5, 9 The majority of the TEM investigations of device degradation were conducted under the off-state stress condition and have confirmed the formation of pit-like defects and cracks on the drain side of the gate after a long period of operation. 5, 9 Calculations for off-state stressed devices 10 suggested that the inverse piezoelectric effect is the major cause of pit/crack formation. It was proposed that accumulation of mechanical stress overcomes the elastic energy of the structure and leads to the formation of defects. 4, 11, 12 Despite the information gained about off-state degradation, little quantitative information is known about GaN HEMTs, and its effect on the microstructural evolution in the HEMT, under on-state stress conditions. This work focuses on the effects of on-state stress to help understand the safe operation region of the HEMTs and their future development.
The tunable conduction channel in an AlGaN/GaN HEMT is a confined layer of high-density, high-mobility electrons (referred to as a two-dimensional electron gas or "2DEG"), situated at the AlGaN/GaN interface. 13 Free carriers (electrons) are accelerated by the strong electric fields in the device; these hot electrons thermally equilibrate by emitting phonons, which increases the device temperature. While the failure mechanisms in the off-and on-state are fundamentally different, recent theoretical and experimental studies have reported that on-state degradation may be greatest in the gate-drain region, especially under the current saturation bias region, which is similar to that of the offstate. 14, 15 Quantitative analysis of the evolution of defects and piezoelectric polarization in the on-state is needed to fully understand device failure mechanisms and to enhance device performance modeling. This paper presents quantitative data revealing the defect-mediated degradation of an AlGaN/GaN HEMT under the on-state condition, generated by correlating electron microscopy techniques (for direct observation of defects) with bulk device performance. Weak-beam dark-field (WBDF), high-resolution transmission electron microscopy (HRTEM), and geometric phase analysis (GPA) on a series of pristine (unbiased) and on-state stressed HEMT devices were performed to quantify the evolution of strain and defect formation; based on the measured strain values, the evolution of sheet polarization charge is estimated as a function of the device bias time.
II. PROCEDURE
The HEMT device structures, shown in Fig. 1(a devices were fabricated using a typical process that is widely reported in the literature, including mesa isolation by dry etching, alloyed ohmic contact formation (Ti/Al/Ni/Au, annealed at 860 C), gate metal (Ni/Au) patterning, and a 20-nm-thick SiN passivation by plasma-enhanced chemical vapor deposition. The as-processed devices showed a contact resistance of 0.4 X mm, and a sheet resistance of 560 X/sq (a 2DEG density of 8.5 Â 10 12 cm À2 and mobility of 1300 cm 2 /V s).
III. RESULTS
To study early stage degradation mechanisms under applied bias, unbiased devices (device #1) and three devices under on-state bias conditions (all from the same device wafer) with a modest drain voltage (V g ¼ 2:5 V and V d ¼ 10 V) for different durations were studied: 600 s (device #2), 6000 s (device #3), and 10 000 s (device #4). Cross sections of these HEMT devices (Figs. 1(a) and 1(b)) were prepared via an in situ lift-out process using a FEI Strata DB235 focused ion beam (FIB) 16 and then analyzed using a JEOL JEM2100 TEM operated at 200 kV. In order to characterize the defects generated during biasing, bright field (BF) HRTEM, dark field (DF) TEM imaging, and electron energy loss spectroscopy (EELS) were carried out on the stressed devices; based on the g:b invisibility criterion, threading dislocations (TDs) that appeared in images with the diffraction condition g ¼ ½0002 (Fig. 1(c) ) were characterized as pure screw or mixed TDs, while those that appeared in images with g ¼ ½11 20 ( Fig. 1(d) ) were determined to be pure edge or mixed TDs. 17, 18 To minimize the electron beam damage in the TEM, the beam was spread out and the smallest condenser apertures were used. Similar sample preparation procedures have been used for other TEM studies of HEMT devices. 19 GPA 20, 21 was used to quantify the strain evolution in the AlGaN layer under the drain side of the gate (due to higher electric field compared to the source side) from HRTEM images of the biased and pristine samples. This technique enables direct correlation of strain (during onstate stress conditions) with defect structure. GPA measures the displacement of lattice fringes in a HRTEM image relative to a reference lattice from an unstrained region in the image. The references for our measurements were selected from the GaN substrate, which was free of defects and large contrast changes. Numerical derivatives of the displacements in two directions give the in-plane components of the strain tensor. We measured the strain in the directions perpendicular (e ? ) and parallel (e k ) to the AlGaN/GaN interface, determined the average strain in the AlGaN layer relative to the GaN bulk, and then normalized it to those of the AlGaN bulk. 22 In Fig. 2(a) , an HRTEM image of the unbiased device reveals a nearly defect-free AlGaN/GaN interface. The average strain in the AlGaN, determined from the strain maps (Figs. 2(b) and 2(c)), was e k ¼ þ1.57% and e ? ¼ À3.04%.
22
These values of strain (which include effect of deposition of the contact electrodes and passivation layer) are based on images of the AlGaN/GaN interface and largely agreed with the lattice constant measurements of the pseudomorphicgrown AlGaN layer. 23 It is well-known that strained lamellae relax in the lateral direction due to thinning during preparation for TEM imaging. 24 Although this phenomenon causes our strain value measurements to deviate from the absolute amount, all devices in this study were prepared from the same device wafer and were subjected to the exact same preparation steps and were thus self-consistent. Therefore, the relative differences among the strain values and the obtained trends are deemed significant and reliable.
In a comparison of the AlGaN/GaN interface in the pristine device and the 600 s biased device (#2), a clear distortion was seen (dotted line in Fig. 2(d) ). HRTEM also revealed dark regions of contrast (Figs. 2(d), 2(g), and 2(j)), which were not observed in images of the pristine device and were determined to result from localized strain. These localized strain regions occurred at the interface as well as in the GaN bulk. Similar features were not observed on the source side of the biased device; hence, the damage is attributed to biasing, rather than during sample preparation. From the corresponding strain maps (Figs. 2(e) and 2(f)), e k slightly increased to þ1.67% and e ? increased to À3.14%. In device #3, e k further increased to þ1.78% and e ? increased to À3.55%, indicating that the strain began to accumulate in the AlGaN layer by 6000 s. After 10 000 s of biasing, the component of the strain tensor in the direction parallel to the interface dropped to þ1.17% and in the perpendicular direction increased to À3.65%. Note, 10 000 s of biasing is still relatively short compared to the actual life-time of a HEMT device and no catastrophic failure was observed in these devices. Likewise, it might be too early to observe relaxation of e ? ; hence, further study is needed to correlate the possibility of formation of localized strain regions to the catastrophic failure as well as relaxation of strain in the perpendicular direction. The source side of the gate (Fig. 3(a) ) did not reveal generation of any localized strain regions and remained similar to the WBDF-TEM images of a pristine device (shown in Figs. 1(c) and 1(d) ). By contrast, images of the drain side of the gate reveal physical damage in the form of cluster of localized strain regions (white arrows in Fig. 3(d) ). Moreover, the extension of the damaged region into the GaN buffer, not shown here, increased with increasing biasing duration ($260 nm, $310 nm, and $440 nm for devices #2, #3, and #4, respectively).
While it has been reported that TDs provide lowerenergy pathways for impurity diffusion and that increased degradation rates are associated with higher dislocation densities 25, 26 and in the early degradation of HEMTs that TDs enhance pipe diffusion of the gate metal, 26, 27 it can be seen in both Figs. 2 and 3 that the observed localized regions of strain are causing significant structural changes and contributing to the overall strain in the devices. In order to fully characterize these localized strain regions and any other defects generated during biasing, HRTEM and DF TEM imaging was carried out on the stressed devices. Characteristic WBDF images demonstrated the presence of edge, screw, and mixed TDs in the pristine sample (Figure 1 ) as well as in the biased device#4 (Figures 3(a) and 3(b) show the mixed edge and screw TDs on both sides of the gate).
Fourier-filtered HRTEM images of the localized strain regions at the heterointerface and GaN buffer, shown in Figs. 3(e) and 3(g), respectively, reveal that the localized regions of strain are not dislocations of any kind. To determine their structure, EELS spectra were taken from the localized regions of strain formed under the drain side of the gate. Figure 3(h) shows the chemical shift of the N-K edge on the defect, indicated by curve 3 in Fig. 3(h) and the white arrow in Fig. 3(i) , compared to the adjacent regions without visible defects that are shown by the red squares in Fig. 3(i) . This chemical shift confirms that the defects are Ga vacancies, which is consistent with similar measurements by Arslan and Browning. 28 It is well known that hot-electrons are primary cause of on-state degradation and form holes in the channel layer as they collide with lattice atoms. 29, 30 Although the TD line length appears to shorten after biasing, indicated by the white arrows in Figure 3(b) , the density of TDs remains constant throughout biasing. Conversely, the density of localized strain regions (characterized as point defects) increases significantly during biasing. The point defect density was measured (as described in the supplementary material) 22 directly from multiple TEM images from each stress state, and found that the average density of defects is increased from $4 À 5 Â 10 9 cm À2 in the case of the 600 s-biased device to $8 À 9 Â 10 9 cm À2 and $12 À 13 Â 10 9 cm À2 for the 6000 sand 10 000 s-biased devices, respectively. Thus, it is clear that the changes in device strain state are due to the increase in localized strain regions, or defects, during biasing.
While it has been suggested and observed that the formation of both point defects and dislocations are the result of structural relaxation, [31] [32] [33] our studies reveal that dislocations are present in both biased and pristine devices, and point defects appear to be playing a larger role in device degradation. Recent studies on on-state stressed devices proposed that injection of hot-electrons into AlGaN layer triggers trapping of negative charges in the drain side of the gate. 14, 34 Meneghini et al. 15 also proposed that formation of temporary defects under step-stress conditions is responsible for the recoverable changes in the gate leakage at the initial stage of biasing, while permanent defects cause the degradation to take place after sufficiently long time under reverse bias condition. The strains we observed in device #2 (biased 600 s) are not significantly different from those of the pristine devices. That recoverable changes occurred in our devices during the first 600 s of biasing are conceivable; however, we have no observations yet to support that. Upon biasing for 6000 s, the strain values were changed significantly, suggesting that the defects created were then permanent and contributed to the accumulated strain. Also, at this stage, we observed small regions of localized strain. Rieger et al. 35 have shown that these localized strain regions are caused by the formation of clusters of defects such as Ga vacancies or Ga vacancies complexes, which have been detected by yellow band emission using luminescence spectroscopy. 36 This relaxation in the tensile component further indicated that the accumulated strain exceeded the required energy to generate defects. Therefore, our observations are consistent with formation of clusters of point defects in the AlGaN layer and the aforementioned studies, 35, 36 which relaxed the structure and dropped the in-plane tensile strain values.
Based on our findings from the correlative TEM imaging and strain measurements, we propose three different regimes (Fig. 4) based on our observations of the strain evolution and defect formation in these biased HEMT devices
• In regime I (GaN strain accumulation and subcritical defect formation), the early stage of biasing, localized strain regions developed in the GaN bulk and started to form near the AlGaN/GaN interface. We did not observe formation of defects in the AlGaN layer; however, it is possible, as shown by Meneghini et al., 15,34 that they have formed and then recovered upon removal of the electric field. Hence, strain in the AlGaN layer is not significantly different in this stage compared to pristine device as defect formation is either temporary or does occur at all.
• In regime II (strain propagation into AlGaN and GaN relaxation by critical, permanent defect formation): an accumulation of strain propagates toward the heterointerface and into the AlGaN layer; hence, the strain in the AlGaN layer is increased. The density of localized strain regions is also increased in the GaN bulk; however, permanent defect formation is still not seen in the AlGaN layer.
• In regime III (AlGaN relaxation (permanent defect formation)): after extended biasing, the accumulation of strain in the AlGaN layer reaches the critical level resulting in the formation of permanent defects. As a result, the strain in the direction parallel to the interface is relaxed.
Moreover, we also found that the evolution of strain, as a result of applied stress, affects the estimated polarization charge of each device. Using equations obtained by Ambacher et al., ); however, since the AlGaN barrier is strained on GaN, the net sheet polarization charge density at the AlGaN/GaN interface in the pristine device can be estimated as 1:75 Â 10 13 cm À2 using the strain values measured (see Fig. 2) . 22 Under on-state bias, the sheet polarization charge density for devices #2 (600 s), #3 (6000 s), and #4 (10 000 s) is estimated to decrease to 1:88 Â 10 13 cm À2 , 2:18 Â 10 13 cm À2 , and 1:85 Â 10 13 cm À2 , respectively. One should keep in mind that these values are affected by partial strain relaxation of the TEM lamellae with respect to the bulk sample. Furthermore, these estimated polarization sheet charge densities are expected to be higher than the free carrier (electron) sheet density in the GaN channel; however, their direct correlation is a subject of future studies. The total density of sheet polarization charge eventually decreased as the device heterostructure relaxed as a result of generation of defects, which is similar to the results from Yu et al., 38 who reported a reduction in piezoelectric polarization of AlGaN upon strain relaxation as a function of Al concentration. A typical corresponding degradation in the device electrical performance is presented in Fig. 4(b) . Finally, it is worth noting that defects were observed to generate preferably between the gate and drain under the on-state bias stress (V g ¼ 2:5 V and V d ¼ 10 V) used in this work, consistent with the fact that the devices were biased in the saturation region (Fig. 4(b) ). In the saturation region, less number of electrons travel under a much higher electric field near the gate on the drain side in comparison to near the gate on the source side, thus, the high energy electrons on the drain side lead to more damage.
IV. SUMMARY
In summary, we quantified the evolution of strain and the role of defects under on-state stress bias. Based on our observations, we deduce that defect formation was correlated to a hot electrons-related phenomenon, and we proposed three different regimes of aging under electrical bias. During the early stage of the biasing (regime I), localization of strain in the GaN bulk was observed. Formation of defects was not observed in the AlGaN layer during this stage; however, the suggested phenomena of formation of temporary defects may have occurred, which would be consistent with early biasing gate leakage observations by Meneghini, 34 in which the sample recovered (i.e., no permanent defect formation). Upon longer biasing experiments (regime II), the AlGaN layer experienced an accumulation of strain, but permanent defects were not observed. After sufficiently long bias durations (regime III), permanent defects were formed in the AlGaN layer and the tensile strain was relaxed. The boundary between regimes II and III is not as well defined with respect to the critical defect density needed to relax the sample; this is a subject of current research. Finally, changes in sheet polarization charge density were estimated with respect to the defect formation as a function of the device on-state bias time. This study investigates at nanoscale the structural evolution of AlGaN/GaN HEMTs under on-state bias to identify the underlying physics of their degradation, which can contribute to their reliable adaptation in myriad of applications.
